Sera T, Yokota H, Tanaka G, Uesugi K, Yagi N, Schroter RC. Murine pulmonary acinar mechanics during quasi-static inflation using synchrotron refraction-enhanced computed tomography. J Appl Physiol 115: 219 -228, 2013. First published May 9, 2013 doi:10.1152/japplphysiol.01105.2012.-We visualized pulmonary acini in the core regions of the mouse lung in situ using synchrotron refraction-enhanced computed tomography (CT) and evaluated their kinematics during quasi-static inflation. This CT system (with a cube voxel of 2.8 m) allows excellent visualization of not just the conducting airways, but also the alveolar ducts and sacs, and tracking of the acinar shape and its deformation during inflation. The kinematics of individual alveoli and alveolar clusters with a group of terminal alveoli is influenced not only by the connecting alveolar duct and alveoli, but also by the neighboring structures. Acinar volume was not a linear function of lung volume. The alveolar duct diameter changed dramatically during inflation at low pressures and remained relatively constant above an airway pressure of ϳ8 cmH2O during inflation. The ratio of acinar surface area to acinar volume indicates that acinar distension during low-pressure inflation differed from that during inflation over a higher pressure range; in particular, acinar deformation was accordion-like during low-pressure inflation. These results indicated that the alveoli and duct expand differently as total acinar volume increases and that the alveolar duct may expand predominantly during low-pressure inflation. Our findings suggest that acinar deformation in the core regions of the lung is complex and heterogeneous.
elastic-mechanical properties of the structures. In the most peripheral regions within the acini, smooth muscle cells, which are a feature of the bronchial wall, decrease (40, 41) , and the thin alveolar walls allow the alveoli to expand or contract considerably during respiration. Although the structural and mechanical properties of the bronchial and bronchiolar airways gradually change toward the periphery, considering the small relative volume they occupy, they contribute very little to the total volume change of the lung. Similarly, the pulmonary vascular trees embedded within the lung take up a small fraction of the lung volume, and their volume changes during ventilation are known to be small; the vascular compliance of the dog lung (5) , for example, is much smaller than lung compliance estimated from the pressure-volume curve (9) . However, the pressure-volume relationship of isolated perfused lung (peak lung pressure 25-30 cmH 2 O), especially the slope of the inflation limb and the degree of hysteresis, is influenced by pulmonary capillary pressure in the range of 0 -15 mmHg (1) . Because of the complexity of the arrangement of the airways, alveolar ducts and associated alveoli and vascular structures within the parenchyma, the geometry of the pulmonary acinus-both its shape and volume-changes markedly and in a complicated way during respiration.
Both the resulting varying three-dimensional (3-D) geometry and mechanical changes in alveolar structure are fundamental to the study of alveolar mechanics. In particular, understanding such dynamic processes can be improved by in situ and in vivo study of the physiological parenchymal architecture and its movements. Recently, intravital microscopy (3, 20) and optical coherent tomography (OCT) (19, 20) have been used to evaluate alveolar dynamics in vivo. However, intravital microscopy enables visualization of alveoli on, or very near to, the lung surface only through a thoracotomy incision, and OCT provides information with high resolution (10 m) to a depth of ϳ500 m through highly scattering tissue (25) . Mertens et al. (20) evaluated alveolar kinematics using intravital microscopy and OCT through a transparent membrane that was artificially created between ribs. However, these techniques are inevitably limited to observing alveoli very near the pleural surface and are unlikely to behave in a manner similar to those deep within the parenchyma and remote from surface influences.
Also, the geometry change of alveoli during lung inflation is a physiological factor in alveolar mechanics. Mertens et al. (20) , using OCT in vivo, reported that all alveolar clusters could be traced throughout inflation and deflation and that the number of inflated alveoli remained constant; they concluded therefore that lung volume changes were caused predominantly by distension and contraction of all alveoli rather than cyclic opening and collapse of individual alveolar clusters. However, Carney et al. (3) , who evaluated subpleural alveolar kinematics during mechanical ventilation through a thoracotomy incision using in vivo microscopy, reported only minimal changes in alveolar volume, despite a significant increase in the number of alveoli, and concluded that lung volume changes were predominantly caused by sequential recruitment and derecruitment of alveoli. Furthermore, Namati et al. (21) , who analyzed alveolar dynamics in the excised mouse lung under an isopressure inflation system using confocal microscopy, reported that alveolar size increased, whereas alveolar number simultaneously decreased during inflation, and suggested that alveolar recruitment occurred in the mouse lung. These reports were based on measurements of excised or open chest lungs using a microscope, so alveoli may have collapsed at low pressures.
In this study, we visualized non-subpleural alveoli and other structures deep within the mouse lung in situ using synchrotron refraction-enhanced CT and determined their kinematics during quasi-static inflation. Conventional X-ray imaging, on the basis of differences in linear attenuation coefficients between tissues, is able to distinguish boundaries where these differences are substantial; for example, between bone and soft tissue, but it does not distinguish well between different types of soft tissue. Additionally, it is difficult to conventionally image low-density and thin material such as the alveolar wall. However, we previously demonstrated that synchrotron refraction-enhanced CT is useful for visualizing the boundary at which absorption differences are small (30, 32) . Because synchrotron radiation gives a much higher flux with a collimated X-ray beam compared with laboratory microfocal X-ray sources, the contrast of a synchrotron image is higher than that of a conventional X-ray source. Additionally, the visibility of a dissected lung in a simple projection can be greatly improved by use of monochromatic synchrotron radiation and placement of the detector distant from the lung (36, 43) . This effect can be explained by the refraction of X-rays at the edges of boundaries. The method can increase image contrast when combined with conventional absorption contrast and is particularly useful for visualizing boundaries where absorption differences are small.
The deformation of an individual pulmonary acinus deep within the core parenchyma is affected by the interconnecting alveolar ducts and alveoli within it (18) . We hypothesize that the deformation is also affected by the adjacent parenchyma comprising other acini and structures, particularly small airways and blood vessels, all of which might be expected to make local alveolar dynamics more complex than in subpleural regions.
MATERIALS AND METHODS
Animal preparation. All experimental protocols were approved (2007A2071 and 2009B1198) by the SPring-8 (Saitama, Japan) Experimental Animals Care and Use Committee. Intact lungs of three healthy male A/J mice (9 wk, 26.2 Ϯ 1.5 g) were examined. After the mice were euthanized with diethyl ether, tracheotomy was performed via a midline incision on the throat and a custom catheter was inserted. The catheter was fastened using a suture, and the junction was fixed in place using cyanoacrylate instant adhesive to prevent air leak. This procedure ensured that the preparation was still an intact one with an effectively closed chest. The lung was connected via the tracheal catheter to a pressure transducer (PA-400 -101; Copal Electronics, Tokyo, Japan), and the total thoracic pressure-volume relationship was measured during quasi-static inflation of the lungs in 0.2-ml increments to 1.0 ml above the initial resting volume (Fig. 1) . During this procedure, the resting lung volume, or functional residual capacity (FRC), was not measured accurately but was defined reasonably as 0.4 ml (27) . FRC was defined as the lung volume at euthanasia, and the lung airway pressure was 0 cmH 2O. At 1.0 ml air inflation, the average airway pressure was 25.0 Ϯ 1.7 cmH2O. After the measurements, the mice were mounted on the rotation stage while lung airway pressure was kept at 0 cmH 2O to prevent small airway or alveolar collapse. In general, this time frame was 10 min.
Imaging. Intact mouse lungs were visualized using the synchrotron refraction-enhanced CT system (BL20B2) at SPring-8 (http:// www.spring8.or.jp) (32) . Briefly, the X-ray beam is produced by deflecting the electron beam with a bending magnet, and the scanner consists of a precision rotation stage (Kouzu, Japan) and a highresolution image detector (AA60 and ORCAII-HR; Hamamatsu Photonics, Hamamatsu Japan) (Fig. 2) . Because the X-ray beam is parallel, each horizontal line corresponds to a slice position along the rotation axis, and multiple slices (slice pitch was equal to the pixel size; cubic voxel) were easily obtained in one rotation (3-D CT). The resolution was 4,000 ϫ 4,000 ϫ 1,343 pixels, with cubic voxels of 2.8 m. The scintillator, which converts the X-ray beam to visible light, was a 10-m layer of gadolinium oxysulfide doped with terbium (Gd2O2S:Tb, P43). The X-ray photon energy was 15 keV, and the exposure time per projection was 250 ms. The photon energy is too small to change the lung pressure by heat induction. We did not detect any heat-derived airway pressure changes over time, and so it was reasonable to assume that no thermal artifact had crept in. The optimum distance between the sample and detector was 10 cm for a refraction effect. All of the 1,500 rotational positions around 180°w ere imaged within 10 min. The lungs were connected to a 1-ml glass syringe via the trachea and imaged during stepwise inflation in 0.2-ml increments to 1.0 ml inflation. Because the lung parenchyma is viscoelastic, CT scanning was performed after 30 min of static inflation. The total experimental time was ϳ3.5 h.
In this study, deformation of the same acini in closed chests under quasi-static inflation (29, 31) were observed for all pressures in each mouse.
Analysis. After the reconstruction of CT images from acquired images using a conventional tomography algorithm by a convolution filtered back projection, the acinar regions from bronchioles to terminal alveolar sacs were segmented by the 3-D region-growing method using Amira software (Visage Imaging, Berlin, Germany). These steps were: 1) determination of the threshold value as the nadir between the pixel values of the parenchyma and the air; 2) segmentation of the lung parenchyma by the 3-D region-growing method; and 3) segmentation of the acinar region by 3-D region growing. Given that the alveolar wall is only a few voxels thick, the gray scale of the wall may be locally decreased and the threshold value used may therefore generate false holes in the septa and wall during acinar segmentation and cause the pathway to connect incorrectly to the neighboring acinus and wrong alveolar duct. Therefore, the lung parenchyma was first roughly segmented to define the optimum threshold value for individual acini in each segment. The optimum threshold value was defined as the nadir of the saddle-like CT brightness histogram of an objective selection criterion. If the nadir value causes irreparable noisy influence, a slight adjustment in the fuzzy region can be reasonably approved. In this study, septal walls were visualized using the refraction-enhanced effect. As the image contrast is increased by the refraction of X-rays at the edges of boundaries, the gray scale can be influenced by the boundary geometry. Additionally, the septal wall was stretched and became thinner as the lung was inflated. Consequently, the gray scale of the septal wall was decreased. Therefore, in this study, the optimum threshold value was reasonably defined for individual lung inflation data. After segmentation, false holes were sealed by manually adding voxels to the surface of the parenchyma. Finally, the connectivity of the segmented acinus with resolution of approximately less than 500 ϫ 500 ϫ500 pixels was checked manually.
After segmentation, the acinar volume and internal surface area at each overall lung volume were calculated. In this study, the surface of the acini was segmented between lung liquid and air. First, a triangular approximation of the interfaces was computed; the acinar volume was defined as [number of voxels] ϫ [volume of a single voxel], and surface area was defined as the sum of the surface area of all triangular patches. This measurement was not based on subvoxel weighting or resampling; therefore, it depended on original CT resolution. Alveolar duct diameters were calculated using a 3-D thinning algorithm (Amira software). The algorithm can calculate the skeleton and branching points without changing the topology (Fig. 3 , A and C). The algorithm first calculates a distance map of the segmented image; in a distance map the value of each voxel is equal to the distance between the voxel itself and the nearest boundary voxel. It then removes voxels, one by one, from the segmented regions until only a string of connected voxels (skeleton) remains (Fig. 3A) . After skeletonization, the smallest distance from skeleton voxel to the edge of the intraalveolar septal walls was stored at every skeleton voxel as local diameter; that is, the diameter of a sphere superimposed on the The diameter of alveoli indicated by the star was defined as the smallest distance from the terminal skeleton voxel (white circles) to the alveolar wall. C: 2-D illustration for measurement of alveolar duct diameter. Local diameter of the skeleton (gray circle) was defined as the diameter of a circle superimposed on the duct (dotted lines), and the alveolar duct between branching points (a and b) was defined as the local diameter between these branching points. In this study, this calculation was performed three-dimensionally. D: illustration of measurement of alveolar diameter. Alveolar geometry is assumed to be a circle (dotted lines) and the diameter is the smallest distance from terminal skeleton voxel, which exists in the center of an alveolus (gray circle), to the alveolar wall and mouth.
duct. In the present study, one alveolar duct was defined as the segment between branching voxels, and the duct diameter was the averaged value of the local diameter between branching voxels (Fig.  3C) . The alveolar ducts were defined easily in each phase due to these branching points, although the length of the ducts increased during lung inflation. Alveolar diameter was calculated by a 2-D thinning algorithm (Amira software) (Fig. 3, B and D) . In this calculation, the 2-D section was effectively random regarding the orientation of the collecting alveoli. We manually checked that the terminal skeleton voxel existed in the center of alveoli (Fig. 3B) , and then we assumed that alveolar geometry is a circle and defined the diameter as the smallest distance from terminal skeleton voxel to alveolar wall and mouth (Fig. 3D) .
In the present study, an arbitrary but logically refined definition of the term acinus has been used to identify the final region of the path-the ductal region alone beyond the final terminal bronchiole. This definition identifies an individual functional region subtended by the final bronchial-type structure. As a consequence, alveolar structures of only one origin have been investigated, avoiding potential functionalmechanical confusions between alveoli originating from different terminal bronchioles and ducts. In total in the present study, four nonsubpleural acini of similar size and shape deep within the core parenchyma were randomly segmented for lung volumes in Figs. 4 and 5; each contained ϳ50 alveolar ducts and fewer than 1,000 alveoli. Mice lungs were imaged so that the area between the heart and diaphragm was placed in the middle of the image detector, and we chose the acini originating from a terminal bronchiole located in approximately the middle of the 3-D volume. In the mouse lung, there is one lobe in the left lung and four lobes in the right lung. The segmented acini that we chose randomly were located in the cardiac and diaphragmatic lobes. Data are expressed as means Ϯ SD, and significant differences between duct diameters and lung conditions were tested with a Student's t-test. Values of P Ͻ 0.05 were considered statistically significant. Figure 4 shows a representative CT image and volume rendering at FRC. Both the conducting airway and the alveolar ducts and sacs were clearly visualized in situ. Figure 5 shows CT images and volume renderings of the same acinus at FRC (Fig. 5 , A, C, and E) and FRC ϩ 0.2 ml (Fig. 5, B, D, and F) . Both alveolar ducts (40 -100 m diameter) and numerous alveoli can be seen at FRC. After 0.2 ml inflation, the size of alveolar ducts (70 -150 m diameter) increased and the geometry of alveoli changed considerably; the alveoli appeared flattened. Figure 5 also shows that the alveolar septa were generally smooth after inflation; this result is similar to that of a previous study (8) . Figure 6 shows 3-D surfaces of the same acinus at FRC and FRC ϩ 1.0 ml inflation. Relative to FRC, the acinar volume increased dramatically at FRC ϩ 1.0 ml inflation. In the alveolar cluster indicated by the dotted circle in Fig. 6 , both the size and shape changed when the lung volume increased. Figure 7 shows representative alveolar and alveolar cluster kinematics (two alveoli indicated by a diamond and triangle, and one alveolar cluster with a group of terminal alveoli indicated by a square) during progressive inflation. In two individual alveoli, the diameter increased with inflation from FRC (30 and 57 m) to FRC ϩ 1.0 ml (70 and 80 m); the diameter of the duct (star) increased from 65 to 130 m. The number of inflated alveoli remained constant, which is consistent with OCT measurements (20) . In contrast, the cluster deformation varied. The septal walls were stretched and became thinner after inflation, which could not be detected even using the synchrotron-enhanced effect and voxel size of 2.8 m. The shape and size of the cluster (square in Fig. 7 ) changed from at FRC (Fig. 7A) to FRC ϩ 0.2 ml (Fig. 7B) or FRC ϩ 1.0 ml (Fig. 7C) , which is also observed in Fig. 6 . The cluster shape change was greatest over the lowest inflation volume range from FRC to FRC ϩ 0.2 ml; the intermediate shape was fairly similar to that at FRC ϩ 1.0 ml inflation. Table 1 shows the volume and internal surface area of each acinus during inflation. Figure 8 shows acinar volume as a function of lung volume; both were scaled as a percent of their values at maximal inflation (FRC ϩ 1 ml). During inflation, acinar volume was not a linear function of lung volume. Figure 9 shows alveolar duct diameter as a function of (acinar volume) 1/3 . Duct diameter as a function of (acinar volume) 1/3 was not linear. In particular, duct diameter increased significantly from FRC 1/3 to (FRC ϩ 0.2 ml) 1/3 during low-pressure inflation, and thereafter remained relatively constant from (FRC ϩ 0.2 ml) 1/3 to (FRC ϩ 1.0 ml) 1/3 during higher-pressure inflation. This diameter change during inflation is consistent with that observed for small airway diameter (22, 28) and alveoli (21) . Figure 10 shows internal acinar surface area as a function of acinar volume. A comprehensive and simple power function relating acinar, or alveolar, surface area to acinar volume may potentially indicate the mechanism underlying the dynamic geometry of peripheral air spaces. However, the double-loga- rithm relation from FRC to FRC ϩ 0.2 ml was different from that of FRC ϩ 0.2 ml to FRC ϩ 1.0 ml (the respective regression coefficients were 0.23 and 0.87). In particular, as is evident in Fig. 6 , alveolar kinematics are affected by the surrounding structures, and differences were observed between low and higher pressure inflation. SD values were larger during low-pressure inflation.
RESULTS

DISCUSSION
Synchrotron refraction-enhanced CT is appropriate for imaging not only non-subpleural acini in core regions, but also their kinematics in situ. Previously, fixed lung parenchyma preparations were imaged using synchrotron radiation (13, 17, 38) , and Yong et al. (44) confirmed that X-ray refractionenhanced images for visualization of alveolar structures correlated well with optical microscopic images. Because microscopic kinematics in the lung may be affected by the lung parenchyma and surface tension (28) , it is important to visualize the pulmonary acini in situ. To achieve this and avoid motion artifacts due to changing surface tension properties during long periods of stasis, the scan time had to be reduced (less than 10 min), which resulted in images with a low signal-to-noise ratio. However, synchrotron refraction-enhanced CT can increase image contrast when combined with conventional absorption contrast and is useful for visualizing boundaries where absorption differences are small. This effect has been investigated both theoretically and experimentally (4, 7, 14, 16, 23, 34, 42) . It has been demonstrated that tomographic reconstruction of a mouse lung produced an image with better contrast when using the refraction edge- enhancement effect compared with conventional absorptionbased tomography (32) . In refraction-enhanced CT reconstruction using a conventional filtered back projection, refraction causes artifacts in reconstructed CT images because the reconstruction algorithm assumes that X-rays pass straight through the sample. According to a previous airway imaging report (32) , refraction produces a dark line on the inner side (air side) and a bright line on the outer side (tissue side) of air-tissue interfaces. As a result, the pixel intensity of air decreases, and that of tissues increases, thus improving the local voxel differences and image contrast. Although refraction-enhanced CT images lack linearity in tissue attenuation coefficients, refraction seems useful for improving contrast when linear attenuation coefficients are not required.
In this study, we observed the acinar kinematics of the intact mouse lung under quasi-static inflation conditions using synchrotron refraction-enhanced CT. Several visualization techniques such as measurements of fixed preparations at various lung pressures using a microscope (8) , in vitro confocal microscopy (21), in vivo intravital microscopy (3, 20) , and in vivo OCT (20) have been used to analyze alveolar kinematics. Two-dimensional stereological measurements proposed by Campbell and Tomkeieff (2) were widely used to analyze distal air spaces. In addition, the American Thoracic Society/European Respiratory Society task force reviewed the stereological methods used in lung morphometry. In principle, the task force requires the use of fixed samples under well-defined inflation and perfusion conditions and unbiased sampling schemes, and it is important to ensure that unbiased measurements of alveolar surface area and alveolar number made on 2-D images accurately represent the 3-D structure without any assumptions regarding the structure (12) . Additionally, the stereology can be applied to the 2-D images by in vivo imaging modalities (12) . Basically, this offers high imaging resolution and the staining differentiation of tissues, but ultimately loses 3-D tissue relationships (39), whereas synchrotron-based micro-CT allows for the accurate integration of 3-D morphometric data with the spatial complexity of lung structure. In this study, the resolution of our contrast-enhanced data was 4,000 ϫ 4,000 ϫ 1,343 pixels, with both pixel and slice pitch of 2.8 m, and we used the 3-D model-based measurement of acinar kinematics. In vivo OCT is a particularly powerful tool for 3-D visualization of individual alveoli. However, with any of these techniques, it remains virtually impossible to observe structures at the acinar level and nonpleural alveoli in core regions of the lung because depth resolution is limited (less than 500 m).
Pulmonary microvascular circulation can contribute to the stability of alveolar architecture. Peták et al. (24) perfused excised lung with blood while physiological perfusion pres- Representative deformation of two alveoli (diamond and triangle) and a group of terminal alveoli (square) from FRC (A), to FRC ϩ 0.2 ml (B), and FRC ϩ 1 ml (C). Alveoli and the alveolar cluster, which connected to the duct (star), are adjacent to the neighboring group of terminal alveoli (pentagon) and alveolar duct (circle), respectively. The connected and neighboring ducts (star and circle) expanded dramatically during low-pressure inflation, resulting in alterations in shape of the group of terminal alveoli (square). Light gray area (asterisk) shows a region of lung soft tissue without any contained air, such as a pulmonary vessel, airway wall, or interstitium.
sures were maintained (pulmonary artery pressure 15 mmHg; left atrial pressure 7.5 Ϯ 2 mmHg) and investigated the alveolar geometry in an unperfused isolated lung and a perfused lung maintained at a positive end-expiratory pressure of 2 and 8 cmH 2 O. They reported that the alveolar structure in the perfused lung appeared smooth and regular. We previously developed high-resolution 4-D in vivo CT for visualization of respiratory deformations in small animals; however, only small airways (diameter Ͼ125 m in mice) were imaged, and the technique is limited in that it is unable to image alveolar kinematics in vivo (33) . In this 4-D in vivo CT system, we hypothesized that the geometry after the respiratory cycle was identical to that before, and so each projection was obtained in one respiratory cycle in synchrony with airway pressure and heart beat to reduce motion artifacts. When using this system to investigate alveolar kinematics, because the alveolar wall may not always return to the same position after each respiratory cycle, severe motion artifacts were frequently present in reconstructed CT images. Previous studies (1, 24) measured pulmonary artery and atrial pressures of isolated mammalian lungs, not microvascular pressures directly. Albu et al. (1) defined the microvascular pressure between pulmonary artery and atrial pressure, and reported that the pressure-volume relationship of isolated perfused lung was influenced by this pressure. In this study, however, we focused on the pulmonary acinar inflation, not each alveolar inflation, and obtained comprehensive and averaged data from within an acinus, which is a far larger scale 3-D structure. We investigated the effect of airway inflation pressure on the acinar kinematics and neglected the contribution of pulmonary microvascular circulation.
In the present study, we were particularly concerned to prevent airway closure or collapse at very low lung volumes below approximately FRC, and the animal preparation and all subsequent investigations were performed carefully without permitting airway pressure to fall below 0 cmH 2 O at any time. This required the chest to be kept intact throughout. Furthermore, before starting CT imaging of acinar kinematics, we measured the pressure-volume relationship during quasi-static inflation, which would be a recruitment maneuver, if any units were closed off or atelectatic. This required the chest to be kept intact throughout. Figure 11 shows the histological image of mouse lung at FRC. After euthanasia and measurement of the pressure-volume relationship, the lung was excised and fixed while the volume was maintained at FRC, and stained with hematoxylin and eosin. Figure 11 clearly indicates that alveoli are not collapsed and some alveoli are located adjacent to pulmonary vessels. Basically, it is difficult to distinguish pulmonary vessel from alveolar wall even using synchrotron refraction-enhanced CT, because their densities are almost the same. The light gray area in Fig. 7 (asterisk) shows lung soft tissue without an air region, such as pulmonary vessel, airway wall, and interstitium. Because the chest is closed throughout the CT studies, all pressure differences quoted in the present work are transthoracic pressure differences. However, it is well known that the lung vital capacity pressure-volume curve of many mammals, including that of the mouse, is normally characterized by a sigmoid inflation limb, and the distending airway pressure at total lung capacity (TLC), measured intrapleurally or in the excised lung, would normally be approximately 25-30 cmH 2 O. In the mouse of the strain and size used, TLC is ϳ1.0 ml greater than FRC (35, 37) , and it is reasonable to consider in the present study that a volume of FRC ϩ 1 ml is qualitatively close to TLC. As is evident in Fig. 1 , the average airway pressure was 25.0 Ϯ 1.7 cmH 2 O following 1.0 ml air inflation above the resting volume at 0 cmH 2 O transthoracic pressure. It is therefore reasonable to make the assumption that, as studied in the euthanized preparation, although the chest wall contributes to the transthoracic pressure drop, the applied inflation pressure was sufficient to expand the lungs to approximately TLC. However, to avoid confusion, all references in this study are made to incremental lung volume beyond FRC, rather than %TLC or inflation pressure.
Previously, Mertens et al. (20) investigated the kinematics of immediately subpleural acini of the mammalian lung using intravital microscopy and OCT, and reported that acinar deformation was dominated by alveolar distension rather than opening and collapse of alveolar clusters. The results obtained in the present study indicate that acinar deformation in regions deeply remote from the effect of the pleural margins in Figs. 5, 6 , and 7 differs from that of subpleural acini (20) and that the key factors relating to this are its surrounding structures and inflation phase. The kinematics of alveoli and alveolar clusters are influenced not only by their connecting alveolar duct but also by the neighboring structures. This is demonstrated by the behavior of the two alveoli (diamond and triangle) and alveolar cluster (square) identified in Fig. 7 .
Interestingly, two alveoli (Fig. 7 , diamond and triangle) are connected to an alveolar duct (star) and are adjacent to a neighboring terminal alveolar cluster (pentagon). Both alveoli are influenced mainly by the alveolar duct (star) on to which they open directly. Their kinematics were characterized primarily by distension, and the number of inflated alveoli remained constant during inflation. Their kinematics were qualitatively similar to the in vivo OCT measurements of subpleural alveoli described by Mertens et al. (20) .
In contrast, the kinematics of the alveolar cluster with a group of terminal alveoli (square) between two connecting (star) and neighboring (circle) alveolar ducts were characterized by alterations in shape and size during low-pressure inflation. The shape and size of the alveolar cluster, which was closely associated with both the alveolar ducts, changed between FRC and FRC ϩ 0.2 ml; however, deformation was mainly by distension from FRC ϩ 0.2 ml to FRC ϩ 1.0 ml. The kinematics of the alveolar cluster, situated between the ducts, entailed a change in shape during low-pressure inflation and distension during high-pressure inflation.
Overall, the alveolar cluster size and shape changed dramatically on inflation from FRC to FRC ϩ 1.0 ml (Fig. 6 ). This pattern of deformation was not detected in previous measurements using OCT and in vivo microscopy. Gil et al. (8) measured fixed preparations, obtained at various lung volumes, by microscopy and focused on the power coefficient (n) of the simple alveolar volume (V A )-surface (S A ) relation (S A ϭ k·V A n ). They proposed four possible mechanisms of alveolar deformation: 1) sequential recruitment-derecruitment of alveoli (n ϭ 1); 2) isotropic, balloon-like alveolar size change (n ϭ 2/3); 3) simultaneous changes in alveolar size and shape; and 4) crumpling (anisotropic, accordion-like size change) of the alveolar surface (n ϭ 0).
As shown in Fig. 10 , the double logarithm relation during low-pressure inflation differed from that during inflation over the higher pressure range. On the basis of mean regression coefficients and our observations, acinar distension was mainly via simultaneous changes in alveolar shape during low-pressure inflation; in particular, it was similar to mechanism 4 (accordion-like changes). In terms of observable surface geometry, irregularities (crumpling) appear at low lung volumes (Fig. 5, A, C, and E) . However, the surface is remarkably smooth after 0.2 ml inflation (Fig. 5, B, D, and F) , which corresponds to an airway pressure of 7.8 cmH 2 O (Fig. 1) . In terms of alveolar cluster kinematics around the alveolar duct during low-pressure inflation, both connected and neighboring ducts expanded dramatically, resulting in alterations in cluster shape (Fig. 7) . Figures 5, 6 , and 7 demonstrate these acinar kinematics. The present results at low pressure are consistent with the measurements by Gil et al. (8) , who reported that accordion-like distortion was in agreement with the interpretation that most lung volume changes occur in the alveolar ducts; this they considered is most economical in terms of energy dissipation because it does not require large variations in surface energy. The principal load-bearing components in lung parenchyma are the connective tissue network and the air-liquid interface lining the alveolar septa. The energy of acinar deformation with large surface area change can be dissipated much more by the change in surface area, compared with accordion-like distortion with small surface change. The observed increase in alveolar duct diameter during low-pressure inflation is as predicted by Denny and Schroter (6) using a finite element acinar model. Their model of an alveolar duct and associated alveoli was built from an assemblage of truncated octahedra whose wall mechanical properties were based on published elastin and collagen fiber bundle distributions and the surface tension properties of the air-liquid interfaces. Their analysis of the model's mechanical properties demonstrated that the overall acinar volume change was dominated by changes in duct volume, rather than alveolar volume, during low-pressure inflation. The simulation indicated that both duct lumen diameter and length increased during lowpressure inflation; at higher pressures, alveolar volume changes dominated the overall expansion of the acinus model. This model behavior is in qualitative agreement with the present observations of both individual alveoli and clusters and the overall anisotropic behavior of the acinus.
Hajari et al. (10, 11) modeled the alveolar duct as a long hollow cylinder covered with alveoli and estimated the morphometric changes in the human acinus during inflation from 3 He diffusion magnetic resonance imaging experiments. They calculated that alveolar depth and duct diameter increased by 21% and 7%, respectively, whereas lung volume increased by 143%. Their model suggested that the number of alveoli increased considerably (96%), and they concluded that lung volume increased essentially by alveolar recruitment. The model results also indicated that alveolar surface area changed very little during inflation, and they suggested accordion-like distension of alveolar ducts during lung inflation. The doublelogarithm relation from FRC to FRC ϩ 0.2 ml was different from that of FRC ϩ 0.2 ml to FRC ϩ 1.0 ml (the respective regression coefficients were 0.23 and 0.87 in Fig. 10 ). This again is consistent with our result during low-pressure inflation. Klingele and Staub (15) measured alveolar size in freshly excised, air-filled cat lung lobes at various pressures and proposed that alveoli deform as an accordion rather than by uniform distension at low lung volume. In our study, we have for the first time directly imaged the accordion-like distension of same acinus in a euthanized mammalian lung during lowpressure inflation.
It is only when the lung is more inflated that further distension of individual acini proportionally reflect the overall properties of the lung. Somewhat similar diameter behavior was also observed in small airways during inflation. However, alveolar ducts changed more markedly over a range of lower lung volumes than did the small airways. This trend is consistent with the report by Naureckas et al. (22) that the specific pressure at which diameter increased dramatically depended on the diameter, and this pressure was lower in smaller airways; they also showed that diameter remained relatively constant during high lung pressure expansion. The present study demonstrates that the relation between acinar volume and lung volume is not simply proportional, particularly at lower lung volumes below ϳ60% (Fig. 8) . Were the lung to consist only of the alveolar and duct structures forming an acinus as defined in this paper, then on the basis of simple continuity, lung and acinus would exhibit a linear relation. However, the lung consists of acini together with respiratory bronchioles and their associated alveoli, conducting bronchioles and bronchi, and vascular trees, all of which are distensible and contribute individually to lung volume changes. The present direct observations of alveoli and alveolar ducts deep within the lung parenchyma strongly suggest that overall lung behavior is dominated by that of the alveoli and their associated duct structures during low-pressure inflation.
